The chronic effects of exposing sea bass (average initial weight 100 g) to ammonia in water at 22°C were first evaluated over a 61-day period (period 1, P1) during which nine different groups were submitted to nine ambient ammonia levels ranging from 0.014 to 0.493 mg l -1 NH 3 -N (0.53-16.11 mg l -1 total ammonia nitrogen (TA-N)) and fed using self-feeders. At the end of P1, the fish were starved for 10 days (P2). Their recovery capacity was tested over 43 days (P3) after which the exogenous ammonia supply was stopped in all treatments and the fish were allowed to feed. After 20 days of exposure a highly significant effect of ammonia was evident from the decrease in feeding activity, voluntary feed intake (VFI) and specific growth rate (SGR), and the increase in the feed conversion ratio (FCR). Ammonia exposure had no effect on circadian feeding rhythm or hourly actuation profiles. At the end of P1, the fish seemed to have adapted to all ambient ammonia concentrations tested since feeding and growth parameters were independent of ammonia levels. But they were unable to compensate for growth losses. Physiological adjustments were observed: plasma TA-N concentrations were positively related to ambient TA-N while there was no major disturbance in plasma urea. Plasma tri-iodo-thyronine concentrations were affected by ambient ammonia concentrations and there were no significant changes in hydromineral balance. During P2, oxygen consumption and urea excretion did appear to have been affected by ambient ammonia. When the exogenous supply of ammonia was stopped (P3), fish exhibited hyperphagia and compensatory growth. In fish previously exposed to the highest ammonia levels, SGR and VFI were highest, and their FCR was improved. At the end of the experiment the final average weights were similar in all of the treatments (range 337-396 g). Depending on the concentrations used, ammonia exposure may enhance subsequent fish appetite and growth rate and have a similar effect on growth performances as restricting feeding level. Within the range tested, no detrimental effect of ammonia on the metabolic capacity of the fish, measured by oxygen consumption and urea excretion, or on their physiological status was recorded, and the fish had a good recovery capacity. In the conditions of the experiment, the non-observable effect concentration (NOEC) was 6 mg l -1 .
Introduction
Worldwide, there is growing interest is in the control of water quality within the fish farming process in order to improve the productivity of fish production systems and to enhance fish quality and welfare. Among water quality criteria, ammonia has been described as one of the most significant limiting factors for growth and survival (Russo and Thurston, 1991; Tomasso, 1994) . This constraint has been re-enforced by the recent developments in water recirculation technologies and systems in marine and freshwater fish farming (Blancheton, personal communication) , and by the issues concerning environmental impacts attributable to nitrogen loading (Handy and Poxton, 1993; Dosdat et al., 1996) . Ammonia and urea are the two major end-products of nitrogen metabolism in fish (Forster and Goldstein, 1969) . Mainly excreted through the gills, ammonia production by fish is primarily dependant on protein intake, and on the metabolic efficiency of the fish, which is species specific and is affected by increasing levels of ambient ammonia. Both the ionised (NH 4 + ) and unionised (NH 3 , UIA-N) forms of total ammonia nitrogen (TA-N) are toxic to fish, but the unionised form seems to be much more toxic. The equilibrium between the two forms is highly dependent on pH, salinity and temperature (Handy and Poxton, 1993) .
While acute toxicity tests are well documented, data concerning chronic ammonia toxicity to marine fish are relatively scarce, partly because of the technical difficulty in maintaining steady-state environmental parameters over a long period (US EPA, 1998) . Acute and chronic ammonia toxicity (1-3 months of exposure) has been reported on turbot juveniles (Rasmussen and Korsgaard, 1996; Person-Le Ruyet et al., 1997a, b; Person-Le Ruyet et al., 1998) and sea bream juveniles (Wajsbrot et al., 1993; Person-Le Ruyet et al., 1995) . In sea bass juveniles, the 96-h LC 50 was 40 mg l -1 TA-N (1.7 mg l -1 UIA-N) (Person-Le Ruyet et al., 1995) and the 55-day EC 50 (concentration at which growth is reduced by 50% after 55 days) was 22 mg l -1 TA-N (0.9 mg l -1 UIA-N) (Lemarié et al., in press ). The main purpose of the present experiment was to evaluate the effects of chronic low ammonia concentrations (i.e. usual concentrations in sea bass farming) on market size fish in terms of growth rate, food utilisation, metabolism and physiological status. The sea bass recovery capacity when exogenous ammonia supply was stopped was also studied.
Materials and methods

Fish and rearing conditions
Immature sea bass were reared at the IFREMER Station in Palavas from eggs to day 140 (average weight 8 g) in semiclosed systems (Lemarié et al., in press) , and then raised in flow-through systems up to an average weight of 100 g (average temperature 18.0 ± 2.5°C) for 11 months. The fish were then graded and those within the weight range (100.0 ± 16.5 g) were randomly distributed (110 fish per tank) in nine circular tanks (effective volume 1 m 3 ) in a sound proof facility. Forty of the 110 fish were sampled at random and were individually tagged using PIT-tags (Fish Eagle®). The fish were then acclimated to the rearing conditions for 40 days prior to the experiment. The fish were fed expanded pellets (45% protein, 21.5% crude fat, digestible energy of 18.9 kJ g -1 dry matter), using an on-demand system based upon the one described by Boujard et al. (1992) . When the fish touched a rod located below the surface of the water, an electric pulse was generated, which actuated an electric feeder that released a predetermined amount of feed (1.7-1.9 g). This rod was protected by a cylindrical screen in order to avoid unintentional fish contacts and limit food wastage. Every day, the feeding system was turned off between 9:00 and 10:00 h in order to replenish the feeders and to check for the presence of uneaten pellets collected in a sedimentation trap located at the outlet of each tank.
The tanks were filled by gravity with running sea water, which had been sand-filtered at 15 µm, UV sterilised, heated, and degassed in a packed column. The flow rate was set at 1 m 3 h -1 (accuracy of the flow-meter: ±0.05 m 3 h -1 ) in order to permanently maintain an oxygen saturation of above 80% in the outflow water and to provide self-cleaning of the tank. The temperature was maintained at 22.0°C using a heat-exchanger and checked hourly. Salinity and pH were checked once a day. Light intensity at the water surface was 250 lx, and the photoperiod was maintained at 16 h light-8 h dark, including a 30 min artificial dawn and dusk, using an incandescent lamp (OSRAM Decor Silver E27).
Experimental design
The experiment was divided into three periods. During period 1, which lasted 61 days, fish were fed and exposed to ambient ammonia to evaluate its effect on fish growth, feeding and physiology. During period 2, which lasted 10 days, the fish were starved and submitted to ambient ammonia to evaluate the standard metabolism. Finally, during period 3, which lasted 43 days, the fish were no longer exposed to ammonia and were fed again to investigate their recovery capacity.
Eight different concentrated ammonia chloride solutions were fed into the water inlet from day 1 to 71 (period 1 and 2) using a peristaltic pump (eight channels, flow rate 5 ml min -1 ). These concentrated solutions were obtained by dissolving 24-123 g l -1 of ammonium chloride powder (NH 4 Cl, BASF®, 99.5% pure) in tap water in order to obtain eight ambient TA-N concentrations (T1-T8) ranging from 4 to 16 mg l -1 TA-N. This concentration range represented 10-40% of the 96-h LC 50 as reported by Person-Le Ruyet et al. (1995) . No ammonia solution was added to the control tank. The ambient ammonia concentration within each tank was checked daily in a 24 h-pooled sample of water, obtained from the effluent water and poured into a 2 l bottle where 5 ml of 99.5% chloroform were first added for the purpose of stabilisation (Dosdat et al., 1994) . The TA-N concentration was then determined by the indophenol method (Bower and Holm-Hansen, 1980) , using a Technicon Analyser®. The pH was measured daily at the outlet of every tank using a Tacussel PHN81® pH-meter, coupled with a Tacussel TC100® probe containing a saturated solution of KCl/AgCl (Tacussel KS120®) and an Ag/AgCl reference electrode (Johansson and Wedborg, 1980) . UIA-N concentrations were calculated from TA-N according to pH, temperature and salinity, using the equation of Johansson and Wedborg (1980) . Therefore, the percentage of UIA-N to TA-N was given by the following equation:
with log K 1 = -0.467 + 0.00113 × S + 2.887.9 × T -1 , where K 1 is the dissociation constant, S (in g l -1
) the salinity and T the temperature (°K).
On day 1, 19, 41, 61 (period 1), 71 (period 2), 93 and 114 (period 3), the fish, which had fasted for 24 h, were anaesthetised (using a solution containing 150 mg l -1 of ethyleneglycol-monophenyl-ether) and counted. The 40 tagged fish were individually weighed to the nearest 0.01 g. In order to avoid a decrease in the oxygen concentration due to increasing biomass, stocking density was reduced on day 20 by removing at random 20 untagged fish per tank. Mortality was monitored daily. On day 61, 25 fish were removed for sampling.
Parameters studied
The mean wet weights ± S.D. were calculated as the arithmetic mean from the samples of the same 40 tagged fish. At the end of every phase, the specific growth rate (SGR) was determined as:
T where W f is the mean wet weight in grams (n = 40) at the end of the phase, W i is the initial mean wet weight (n = 40) and T the duration of the phase in days.
Variation in fish size within the tank were described by means of a comparison of coefficients of variation (CV) using the following equation: CV = 100 × SD of the individual weight mean weight The daily voluntary feed intake (VFI, % of fish biomass) during each phase was calculated as follows:
T where the ingested feed is the feed delivered during the phase minus the feed collected in the traps.
For each phase, the feed conversion ratio (FCR) was calculated as:
number ͔ Apparent digestibility coefficient for proteins (ADC) was measured at the end of period 1 over three consecutive days in each tank using settlement collectors attached to the tanks (Lemarié et al., in press ). Chromic oxide (Cr 2 O 3 ; 1% of the feed) was utilised as a marker. Analyses on feed and fish were performed using usual standardised methods, i.e. dry matter after drying for 24 h at 105°C, crude proteins by the Dumas method (using a Fison® NA 2000 analyser) and crude lipid by dichloromethane extraction with an automatic Soxlet® apparatus. Chromic oxide content in the faeces and in the feed was estimated using the method described by Bolin et al. (1952) . The ADC were calculated using the standard formu- The protein productive value (PPV) was estimated as the ratio between the protein gain and the crude protein intake.
Oxygen consumption was determined for six experimental conditions (control, T1, T3, T4, T6 and T7) during period 2 on sea bass starved for 6-11 days. Oxygen concentrations of inlet and outlet water from each tank were monitored every 40 min for five consecutive days, from day 67 to 71, using the methodology described in Lemarié et al. (in press ). Part of the inflow and outflow water was diverted through solenoid valves to a measure chamber where oxygen concentration was measured using a Ysi 58® oxymeter. Oxygen data were recorded on a data logger (Grant-Squirrel model SQ16-4V-1D). The same method was utilised to control oxygen levels during the whole experiment. Oxygen consumption (MO 2 ) was calculated as follows:
Urea production was monitored using the method described by Dosdat et al. (1994) . Inflow and outflow water was collected using a peristaltic pump and bulked into 1 l polypropylene bottles, where the samples were stabilised using chloroform. Urea was analysed using a Technicon® Autoanalyser II by the acetyl-monoxyme method (Aminot and Kérouel, 1982) within 48 h of sampling.
On day 61, blood samples were collected from vessels at the caudal peduncle of eight fish fasted for 24 h per experimental condition tested (control, T1, T3, T5, T6 and T8). The blood was immediately centrifuged and plasma TA-N content determined within 1 h using the enzymatic kit Sigma Diagnostic UV-170®. All other analyses were performed on plasma samples that had been stored at -20°C: osmolarity (Advanced microosmometer®), chloride (Chloridometer Radiometer®), sodium and potassium concentrations (Electrolyte Beckman Analyser®), urea content using the Sigma Diagnostic 535® kit and plasma glucose using the Sigma Diagnostic 16-UV® kit. A radio-immunoassay was used to measure plasma tri-iodo-thyronine, T 3 (Boeuf et al., 1989) .
Statistical analysis
Where needed, experimental data were processed by a one-way analysis of variance (ANOVA), and when necessary by an analysis of co-variance (ANCOVA). A two-way ANOVA was used to discriminate VFI and FCR. Differences among the means were determined by a Student-NewmanKeuls (SNK) test that was applied to ranks when normality was not established. Linear regressions (LR) were performed to analyse correlations between factors. The comparisons between CV were performed by means of a sign-test. The Statistica (Statsoft) package was used to process the data.
Results
Environmental conditions
The environmental conditions were stable: the temperature at 22.0 ± 0.2°C (mean ± S.D., n = 114) and the salinity at 37.0 ± 2.5 g l -1 (n = 114). Oxygen never fell below 76% of saturation. The stability of the different ambient TA-N concentrations was acceptable, the CV ranging from 11 to 17% (Table 1) . Mean ambient pH varied by less than 0.06 in all treatments (7.80 in the control group compared to 7.86 in the T8 group); as a result, the UIA-N fraction relative to TA-N was similar (average 2.8%; range 2.7-3.0 under all experimental conditions).
Period 1 (ambient ammonia, fed fish)
No mortality was observed during the whole period. Growth was observed in all conditions (Fig. 1) . The significance of the Fisher test applied to weight increased from 1.8 to 10.9 with time, indicating that the intertreatment variance increased faster than the residual variance (intragroup). The CV of fish weight between treatments at day 1 were not significantly different from day 19 (sign-test, n = 9, P > 0.05). They decreased from day 19 to 41 (P = 0.038) and were maintained at that level from day 41 to 61. At day 19, the lowest weights were observed in fish exposed to ammonia levels exceeding 10.22 mg l -1 TA-N. At the end of period 1 (day 61), the fish exposed to the three highest TA-N levels were the smallest, and the largest were observed in the control tank and under the 3.10 and 6.16 mg l -1 TA-N conditions.
After a significant decrease of the SGR, which was related to the level of ammonia during the first 19 days in all treat- Table 1 TA-N and UIA-N concentrations (mean ± S.D., mg l -1 ) in seawater (37.0 ± 2.5 g l -1 ) during period 1. F(540,8) = 840 for the one-way ANOVA Letters following means indicate intergroup statistical differences between ambient TA-N concentrations. Means in the same column not sharing a common superscript were significantly different (P < 0.05).
ments except T1, acclimated fish exhibited growth rates comparable to the control (Table 2) . These results were mainly correlated to ammonia levels since introducing individual weight as a co-variable did not modify the significance of the ANOVA. Over the 61-day experiment, the biomass increased by 1.9 in the control and only by 1.6 with the highest ammonia concentrations tested. For the whole period (day 1-61) three groups were identified: below 6.16, above 10.79 mg l which had abnormal growth in weight throughout the experiment for reasons that are not clear, may be considered a special case. Feeding activity was recorded by counting the number of times the feeding mechanism had been actuated. No actuation occurred during the night and no effect of ambient ammonia concentration was noticed on hourly actuation profiles. Typical actuation profiles in the two extreme conditions are given in Fig. 2 . A comparison between fish acclimated to ammonia (day 51-61) and fish acclimated to ammonia free conditions (day 104-114), using the v 2 test on the average hourly number of actuations, failed to demonstrate any effect of ammonia level on actuation profiles (␣ = 0.05).
In contrast, the daily number of actuations was affected on un-acclimated fish. Throughout the first period, feeding activity was highly variable from day to day but no feed wastage was observed. From day 1 to 19, a two-way ANOVA on tanks and days (16 sets of data available) showed that the daily number of actuations was significantly different among the tanks (F(120,8) = 13.6, n = 9) and on different days (F(120,15) = 4.0, n = 16). A SNK test on rank revealed three groups: the fish from the control and T1 conditions (respectively, 124 and 116 actuations per day), the T8 and T9 conditions (respectively, 37 and 43 actuations per day) and an intermediate group. This distribution progressively disappeared and was insignificant during the day 51-61 phase (F(72,8) = 1.6, n = 9). Control  T1  T2  T3  T4  T5  T6  T7 Letters following means indicate intergroup statistical differences between ambient TA-N concentrations. Means in the same column not sharing a common superscript were significantly different (P < 0.05).
Overall, 20-40% of the actuations occurred during the first hour of the photophase. A one-way ANOVA on the number of actuations during the first hour of light was only significant during the day 1-19 phase (F(135,8) = 16.2, n = 9), suggesting that ammonia levels had no effect on the initial feeding activity of fish acclimated for more than 19 days.
VFI was also dependent on ammonia concentration (Table 4) . Initial exposure to 10.79, 14.45 and 16.11 mg l -1 TA-N induced 3, 9 and 10 days, respectively, of voluntary starvation, followed by a recovery of the appetite. From day 1 to 19, the regression between ammonia level and the average VFI (in % per day) was the following:
The slope was significantly different from zero. This relation was not significant for the day 19-41 and 41-61 phases. Nevertheless, from day 19 to 41 VFI tended to increase in fish exposed to ammonia levels above 8.53 mg l -1 TA-N, and decreased in the other treatments. During the whole period (day 1-61), a very strong correlation was obtained between SGR and VFI (r = 0.92, P = 3 × 10 -14 ).
The FCR was affected by ammonia levels during the day 1-19 phase (Table 4 ) and in the 14.45 and 16.11 mg l -1 TA-N groups. For the whole period (day 1-61), the FCR was not significantly different among treatments, averaging 1.4. Fig. 3 indicates the trends of ADC, PPV, and fish lipid content at the end of the period according to the level of ammonia. No particular significant relationship could be detected between these parameters and ambient ammonia levels.
In sea bass acclimated to ammonia for 61 days, no major disturbances in hydromineral balance and no signs of stress or anaemia were observed (Table 5) . Plasma ammonia was dependent on ambient ammonia. The relationship between plasma (y) and ambient (x) TA-N (mg l -1 ) is expressed by the following equation: y = 0.52x + 3.21; r 2 = 0.97, n = 35 Table 3 Weight losses, urea excretion and oxygen consumption (mean ± S.D., n = 40) in fasting fish during period 2 Tank  Control  T1  T2  T3  T4  T5  T6  T7  T8  Percentage of The highest tri-iodo-thyronine concentrations were observed in the T1 and T3 groups and the lowest in the T6 and T8 groups, while the control group had intermediate concentrations.
Period 2 (ambient ammonia, starved fish)
When starved, all the fish lost weight. Individual weight loss (Table 3 ) was 1-5% (averaging 2.8%) of the individual weight and was not correlated to ammonia levels. A regression using every fish weight in all the treatments gave the following equation: where W 71 (W 61 ) and Rk 71 (Rk 61 ) were the weight (the rank of the weight) of all the fish sampled in the 11 tanks at day 71 (day 61). The individual ranking was maintained irrespective of ammonia levels. The same observation was made on a comparison of ranks of average weights between treatments. Based on average weight, the groups observed on day 61 were still noticeable on day 71. Differences between negative SGR were significant, but in general were independent from individual weight and treatment. The CV of fish weight did not vary during this fasting period (sign-test, n = 9, P > 0.05).
Ammonia levels had no significant effect on urea excretion (range 20-28 mg kg -1 BW d -1 ) during the starvation period, although a tendency to increased excretion was noticed. Oxygen uptake (range 142-173 mg kg -1 BW h -1 ) in fasting fish was independent from ammonia level (n = 24, r 2 = 0.17).
Period 3 (no ammonia, fed fish)
Growth data are summarised in Fig. 1 and Table 2 . From day 71 to 114, the significance of the Fisher test applied to weight decreased from 11.3 to 3.8, indicating a drop in the intergroup variance, in contrast to what had been observed during the first period. These three groups progressively disappeared and were no longer observed at day 114. At the end of period 3, only tanks T2 (the lowest) and T3 (the highest) were significantly different from the others. The ratio between the highest and the lowest average weight decreased from 1.33 at day 71 to 1.19 at day 93, and then stabilised. At the same time, an analysis of rank between day 71 and 114 indicated that ranks were less conserved (r 2 = 0.73), in contrast to what was observed during the fasting period. From day 71 to 93, best weight gains were Letter following means indicate intergroup statistical differences between ambient TA-N concentrations or period. Means not sharing a common superscript were significantly different (P < 0.05). Urea-N (mg l -1 ) 18.0 ± 1.7 14.5 ± 1.2 14.1 ± 1.5 14.3 ± 0.9 14.6 ± 1.6 19.1 ± 3.6 NS Haematocrit (%) 27 ± 1.5 28 ± 1.5 26 ± 1 26 ± 1 25 ± 0.5 24 ± 2 NS Glucose (mg l -1 ) 2.4 ± 0.1 1.8 ± 0.2 2.6 ± 0.3 2.3 ± 0.3 2.7 ± 0.4 2.7 ± 0.4 NS T 3 (ng ml -1 ) 55.9 ± 3. observed in fish, which had been exposed to high ammonia levels. During the day 93-114 phase, intertreatment variance decreased dramatically; fish which had been exposed to the lowest ammonia levels had the lowest SGR, and only two groups were then observed. These variations were not dependant on individual weight at days 71 and 93 since introducing them as a co-variable did not modify the significance of the ANOVA. The CV of fish weight between treatments did not change with time (sign-test, n = 9, P > 0.05). For period 3, based on the SGR, the three same groups observed during period 1 were found: below 4.90, above 10.79 mg l -1 TA-N, and the intermediate group. The determination coefficients of the regression between SGR and VFI were 0.90 and 0.70 during the day 71-93 and 93-114 phases, respectively.
During period 3, the initial feeding activity was very high, except in the Control and T1 conditions, and then decreased during three consecutive weeks before stabilising (Fig. 4) . Overall the VFI decreased significantly from the day 71-93 to 93-114 phase (Table 4) . Two groups, below and above 4.90 mg l -1 , were recorded. A LR between VFI and initial TA-N levels indicated that VFI increased with TA-N during the day 71-93 and 93-114 phases (r 2 = 0.70 and 0.69, respectively). A very high correlation was found between SGR and VFI during this recovery process (r 2 = 0.95, P = 2 × 10 -11 ).
FCR increased from the day 71-93 to 93-114 phase. FCR appeared to decrease as the initial ammonia levels increased, even if only those fish previously exposed to 16.11 mg l -1 TA-N appeared to be significantly different from the others (Table 4) . From day 1 to 114, the correlation between FCR and ammonia levels ( The linear relationship did not strongly describe the link between FCR and TA-N levels, but the slope was statistically different from zero (P = 0.011), indicating that they were not independent.
Over the whole period of the experiment, i.e. from day 1 to 114, a LR between SGR and initial TA-N ammonia levels gave the following result ( , n = 9
where TA-N is the ammonia concentration in the tank (in mg l -1 TA-N). Generally, SGR was, therefore, independent from the initial ambient TA-N levels.
Discussion
Effect of ammonia on un-acclimated fish (period 1, day 0-19)
After external observation of darkening and hyperventilation, the reduction in VFI of sea bass was the first observed effect of a sharp increase in ammonia levels in the water. This observation is consistent with behavioural changes in many fish species (Wajsbrot et al., 1993 in sea bream; Rasmussen and Korsgaard, 1996; Person-Le Ruyet et al., 1997a in turbot; Lemarié et al., in press in sea bass). The magnitude and duration of the decreases in VFI (Table 4) that occurred during the initial 19 days at the three highest ambient ammonia concentrations were dependent on ammonia levels. Although the reasons for such a short term feeding and/or metabolic adaptation observed in many fish species in response to any environmental stressor remains unclear, two explanations can be put forward: functional alterations of the central nervous system (Daoust and Ferguson, 1984; Hermenegildo et al., 2000; Montfort et al., 2000) and lowering of oxygen availability to fish tissues despite the fact that there is no restriction of oxygen in water (Sousa and Meade, 1977) . Both are likely to have an influence, but neurological disturbances are mostly reported to occur at high ammonia concentrations in plasma and other tissues (Mommsen and Walsh, 1992; Hermenegildo et al., 2000) . Fish exposed to the three highest ammonia concentrations tested, which were voluntarily starving, quickly recovered an appetite similar to fish in T4 and T5 conditions, (the actual VFIs during their feeding phase were, respectively, 1.19, 0.99 and 1.05 under the 10.79, 14.45 and 16.11 mg l -1 TA-N conditions), indicating that the acclimation process was rapid. It appeared that low ammonia concentrations acted on the satiation mechanisms of unacclimated fish before the neurobiological effects of higher concentrations led to the absence of any feeding activity.
As previously reported (Boujard et al., 1996; Azzaydi et al., 1998) , sea bass feeding activity is nocturnal under winter environmental conditions, and diurnal during the rest of the year. In our experiment, the environmental conditions used (22°C, 16L/8D) were comparable to summer conditions, and feeding rhythms were strictly diurnal. Aranda et al. (1999) suggested an endogenous circannual control that could be influenced by other factors than temperature and photoperiod. When reported, the shift from diurnal to nocturnal feeding activity occurred suddenly (Sanchez-Vasquez et al., 1995) . In this study, circadian rhythms of feeding activity were not modified by the initial sharp increase in ambient ammonia or by cutting off the ammonia supply (period 3). Similarly, Azzaydi et al. (1998) reported that temperature and photoperiod did not account for the day-to-day variations observed in feeding rhythms, which were presumably controlled by internal factors such as appetite or social interactions. They confirmed the great flexibility in daily feeding rhythms of sea bass (Boujard et al., 1996; Azzaydi et al., 1998) . The regulation of feed intake was controlled by a satiation mechanism, but feeding activity was driven by an endogenous clock (Boujard et al., 2000) . During the day 1-19 phase, the lower peak of ingestion recorded during the first hour of day light was the main cause of the overall decrease in VFI.
This VFI perturbations affected growth. The reduction in growth initially observed from day 1 to 19 accounted for 51-400% of the overall loss of growth over the whole period (day 1-61). A major impact of ammonia on growth rate can be attributed to feeding disturbances during the initial days of exposure. This is confirmed by the observations made by Person-Le Ruyet et al. (1998) on sea bream and turbot describing the very rapid increase of plasma TA-N (in less than an hour) and the external regulation which followed within 4 days in fish exposed to ambient ammonia. The absence of any major change in the CV of the weight indicated that fish responded in the same way as has been described in feed restricted fish (Saether and Jobling, 1999) . This has been associated with a lack of dominance-subordination relationships .
Decreases in VFI at the highest ammonia concentrations tested, accounted for 90% of the reduction in SGR observed at the onset of ammonia exposure (day 1-19). Concomitantly, apparent FCR increased at the two highest ammonia concentrations, as was observed in turbot when feeding was significantly decreased due to ammonia (Rasmussen and Korsgaard, 1996; Person-Le Ruyet et al., 1997b) . Nevertheless, if we include an initial loss of weight due to voluntary starvation similar to the one recorded during the second period, the recalculated FCRs were 1.36 and 1.19 in tanks T7 and T8. They were then comparable to other conditions. The maintenance requirement for 140 g sea bass at 23°C has been evaluated at 56 kJ kg -1 d -1 (Lupatcsh et al., 2003) . Starving fish in these two conditions appeared to ingest 94.5 kJ kg -1 d -1 . The available energy for growth (39 kJ kg -1 d -1 ) in those situations would promote a relative smaller growth and food efficiency compared with control. In that sense, the FCR increase at high ambient TA-N levels could mostly be attributed to a reduction of ingestion.
Effect of ammonia on acclimated fish (period 1, day 19-61 and period 2)
Beyond the day 0-19 acclimation period, VFI was independent from ambient ammonia concentration (Table 4 ). The decrease with time observed at the lowest ammonia concentrations was related to fish growth, while the relative increase observed on day 19-41 at the highest ammonia levels was due to a progressive acclimation of the fish to ammonia. Feeding activity, estimated as the number of times the feeding mechanism was actuated, increased slowly after voluntary starvation, suggesting that increases in VFI were not due to a rapid compensatory mechanism following partial starvation. Very few studies have included a sufficiently long time course of ammonia exposure to describe this feeding recovery phase. In hand-fed juvenile turbot exposed to an ammonia concentration of 10 mg l -1 TA-N, a 7-day period (acclimation) was required to recover the initial standard feeding level, and a 13-day period for partial reversion of physiological disturbances (Person-Le Ruyet et al., 1995 , 1997a . Based on the findings of this study, sea bass respond in the same way as other marine species with regards to feed requirements under ammonia stress.
From day 19, in all ammonia-exposed groups, SGR was independent from ammonia level and was similar to the control (Table 2 ). There was a strong link between VFI and growth, as has already been reported in turbot (Rasmussen and Korsgaard, 1996; Person-Le Ruyet et al., 1997a, b) and the capacity of fish to recover from a transient decrease in feeding and growth caused by ammonia exposure was confirmed. Nevertheless, in no case could fish compensate for the initial losses in growth, and the final weight (day 61) of fish exposed to more than 14.45 mg l -1 TA-N remained significantly lower than in other groups, as was previously observed in 12 g sea bass (Lemarié et al., in press ). Sea bass juveniles of 140 g (this study) or 12 g (Lemarié et al., in press) were rapidly able to feed and grow under 16 mg l -1 TA-N. The no-growth ammonia concentration could not be estimated in this study. In 50-70 g turbot, the concentration of 36 mg l -1 TA-N (0.73 mg l -1 UIA-N) was reported to stop any growth (Person-Le Ruyet et al., 1998) . In 12 g sea bass, the 55-day EC 50 (concentration at which growth is reduced by 50%) was 22 mg l -1 TA-N compared with 17-21 for turbot. It can be expected that in 140 g sea bass, sensitivity to ammonia be of the same order of magnitude.
Beyond the acclimation period, for unexplained reasons, apparent FCR improved in all experimental conditions; the higher the level of ammonia, the greater the improvement in FCR. In acclimated fish, the best FCR values were obtained for the two highest ammonia concentrations, suggesting that in general the efficiency in food and energy processing by the fish had not been altered, and that compensation could have occurred in the form of a greater metabolic efficiency rather than growth rate.
ADCs of protein were not modified by 61 days of exposure to a maximum of 16 mg l -1 TA-N. Thus the efficiency of digestion was not modified, in contradiction with the results of Rasmussen and Korsgaard (1996) on juvenile turbot. However, their investigations lasted 20 days only, and possibly the fish were not totally acclimated. The PPV and the lipid content, as measured for the first period, were not modified by ammonia levels. The major metabolic functions were not affected, and energy expenditure did not modify the relative allocation of energy by the fish. Exploring DNA and RNA levels in turbot liver, Rasmussen and Korsgaard (1996) found no evidence of modification in liver RNA levels, which is the first step in protein synthesis, and no change in body water content versus ammonia concentrations. Person-Le Ruyet et al. (1997b reported changes in fat and water content versus ammonia concentrations in 14 and 53 g turbot only when growth was markedly reduced (i.e. over 11 mg l -1 TA-N). In sea bass a similar decrease in fat content was described by Pastoureaud (1991) when the feeding level was reduced under the effect of low temperature. In this study, metabolic pathways were not apparently affected at the ammonia concentrations tested, and were qualitatively maintained.
This was confirmed by the marginal effect of ammonia on three physiological parameters in period 2: oxygen consumption, urea excretion and plasma glucose. Oxygen consumption in starved fish was independent from ambient ammonia, showing that acclimated fish did not use additional energy to counter-balance the internal ammonia level. Oxygen consumption increases have mostly been reported to be shortterm adjustments linked to increased ventilation frequency (Sousa and Meade, 1977) . Endogenous urea excretion was not significantly affected by ammonia in the range of concentrations tested. Guérin-Ancey (1976) observed that the increase in urea excretion was not significant in big fish (2-and 3-year-old) while it was significant in 1-year-old fish. Only young fish exposed to high ammonia levels appeared to utilise urea production to detoxify ammonia (Guérin-Ancey, 1976; Walsh et al., 1990; Mommsen and Walsh, 1992; Person-Le Ruyet et al., 1997a) . Plasma glucose was also independent from ammonia concentrations. Ammonia is reported to increase glycolysis rate (Sousa and Meade, 1977; Fivelstad et al., 1995) at high levels (more than 20 mg l -1 TA-N). This mechanism was probably not induced at the ammonia concentrations tested in this study, or was active only during the first days of exposure. The significantly lower plasma tri-iodo-thyronine concentration at the highest ammonia concentrations tested may represent an interesting indicator of notable disturbances in sea bass. In turbot, a low plasma tri-iodo-thyronine concentration is indicative of a decrease in growth potential (Boeuf et al., 1999) . In acclimated fish, apart from a dose-dependant ammonia accumulation in blood plasma, no major physiological disturbances were observed. The relationship between plasma TA-N and ambient ammonia was in agreement with previous results recorded in sea bass (Lemarié et al., in press) and in other freshwater and marine species (Arillo et al., 1981; Knoph and Thorud, 1996; Person-Le Ruyet et al., 1995 .
Starving the fish during their exposure to ammonia (period 2) failed to reveal any effect of ammonia. This is consistent with an adaptation of the fish as measured by their endogenous metabolic activity.
The present study showed that in 130-140 g (initial weight) sea bass exposed to stabilised ammonia concentrations for 61-71 days, the non-observable effect concentration (NOEC) was approximately 6 mg l -1 TA-N and due to intra group variability, the lowest observable effect concentration (LOEC) was 8.5 mg l -1 TA-N. In smaller sea bass (12 g) LOEC was 8.5 mg l -1 and NOEC 6 mg l -1 (Lemarié et al., in press ). It cannot be concluded that the ammonia sensibility in juvenile and immature fish was different, since the experimental conditions were different.
Return to ammonia-free conditions (period 3)
The usual observations made when feeding fish after a period of starvation or feed restriction were observed during the third period: hyperphagy (Saether and Jobling, 1999; Xie et al., 2001) , compensatory growth (Weatherley and Gill, 1981; Dobson and Holmes, 1984; Pastoureaud, 1991) , absence of increase in the CV of weight (Jobling and Koskela, 1996; Jobling et al., 1999) , and improved feed efficiency (Boujard et al., 2000) . Our study is original in the sense that feed restriction was a consequence of an external pollutant and that the fish were free to regulate their feeding level.
The higher the initial feed restriction, the greater the growth compensation. This recurring observation seems to be independent from the cause: temperature (Pastoureaud, 1991; Nicieza and Metcalfe, 1997) , partial feed restriction (Jobling and Koskela, 1996; Nicieza and Metcalfe, 1997; Saether and Jobling, 1999) , full starvation (Rueda et al., 1998; Boujard et al., 2000; Wang et al., 2000) or pollutants (Jobling, 1994) . The duration and intensity of food deprivation have an effect on the subsequent compensation. Wang et al. (2000) reported that feed intake and SGR in hybrid tilapia were higher when the duration of starvation was increased. In that study, fish submitted to the longest starvation periods still had lower body weights at the end of a compensation period of 4 or 6 weeks. In our case, the cumulative effects of food deprivation, starvation and ammonia toxicity over 71 days were not sufficient to prevent fish from fully compensating their growth deficit. That is not to say that a longer exposure time and/or ammonia level would have induced the same consequences.
VFI accounted for 95% of the SGR during the third period and was dependent on the level of ammonia at the beginning of the phase. This dependence was higher during the day 71-93 phase than during the 93-114 phase, indicating that the phenomenon of hyperphagia was limited with time. Nicieza and Metcalfe (1997) reported that the timing and duration of increased food intake rates were dependent upon the physiological status of the fish (in their case premigratory and non-migratory Atlantic salmon) and to the past nutritional history of the fish (Boujard et al., 2000) . Increased feeding levels have been attributed to the increase of the duration of the daily feeding period (Nicieza and Metcalfe, 1997) . In our case, hyperphagia was correlated to an increased number of actuations during the same daily feeding period. Major hyperphagia was recorded during the first 2 weeks after returning to ammonia-free conditions, indicating a very quick return to normal ingestion rates. This is in accordance with a very rapid decrease (in a few minutes) of plasma ammonia to reference levels after returning to ammonia-free water (Wise et al., 1989; Person-Le Ruyet et al., 1998) .
Feed energy and protein content did not seem to have an effect on compensatory growth in channel catfish (Gaylord and Gatlin, 2001 ). Qian et al. (2000) demonstrated in gibel carp (Carassius auratus gibelio) that digestibility of protein was not modified during compensatory growth. Therefore, fish mainly compensated through a higher consumption of dietary energy. Regulation of appetite during compensatory growth appeared to be under the control of plasma free fatty acid and glucose concentrations in rainbow trout (Boujard et al., 2000) .
The improvement in FCR ratios observed under the effect of ammonia during the third period varied in the same way as the VFI during the first period. The lower the VFI, the lower the FCR. Such improvement in food efficiency during growth compensation has been observed by several authors (Dobson and Holmes, 1984; Qian et al., 2000; Quinton and Blake, 1990; Boujard et al., 2000) but not by Jobling and Koskela (1996) . Boujard et al. (2000) suggested that moderate food deprivation and starvation had a different effect on food conversion efficiency in rainbow trout. In our experiments, all the fish were submitted to the same duration of starvation, and still FCR were different between the ambient TA-N concentrations. FCR improvement could, therefore, be attributed to initial VFI levels. The present study did not demonstrate any changes in basal metabolism as measured by oxygen consumption in fasting fish, and could not support the theory of Russel and Wootton (1992) that FCR improvement could be caused by a decrease of basal metabolism during the feed deprivation period and that it extends to the initial stages of re-alimentation. The underlying mechanism is worth investigating.
In conclusion, our study shows that in the range and over the duration of exposure to ammonia tested, sea bass were able to adapt to their environment after a period of about 3 weeks. After 60 days, the major physiological disturbances observed were accumulation of plasma ammonia (indicating ammonia excretion problems) and a T3 decrease. Growth and nutritional parameters were restorable during the exposure, despite a significant effect on growth when the level of ammonia was above 5 mg l -1 TA-N. A compensation comparable with what has been observed in fasting fish occurred when returning to ammonia-free conditions. The metabolic and physiological functions of the fish were not affected after a 71-day exposure, and surprisingly the ammonia-free condition did not provide the best results. Nevertheless, long-term effects from much longer exposure to ambient ammonia have still to be investigated, with special attention to interactions with other ecological factors (e.g. pH and CO 2 ). Therefore, caution should be exercised before extrapolating laboratory results to farm level conditions.
